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To elucidate the function of metazoan B-type lamins during development, new null mutations of the Drosophila B-type lamin gene,
lamDm0, were analyzed in parallel with the misg
sz18 mutation, a lamDm0 allele reported previously. Although in all these mutants, lamin
Dm0 protein was undetectable in neuroblasts and imaginal disc cells from the second instar larval stage onward, cells continued to proliferate.
In contrast to the embryonic lethality of another Drosophila lamDm0 allele, lam
PM15, reported previously, lethality did not occur until late
pupal stages. Chromosomal structure and the overall nuclear shape remained normal even at these late pupal stages, although obviously
abnormal nuclear pore complex distribution was observed concomitant with the loss of lamin Dm0 protein. Compensating expression of
lamin C was not induced in the absence of lamin Dm0. Thus, no lamin-containing nuclear structures were found in proliferating larval
neuroblasts. We did find that developmental abnormalities appeared in specific organs during the late pupal stage, preceding lethality.
Surprisingly, coordinated size increase (hypertrophy) of the ventriculus was observed accompanied by cell division and muscle layer
formation. Hypertrophy of the ventriculus correlated with a decrease in ecdysteroid hormone receptor B1 (EcRB1) protein, and furthermore
could be suppressed by a heat-inducible EcRB1 transgene. In contrast, both gonadal and CNS tissues exhibited underdevelopment.
D 2005 Elsevier Inc. All rights reserved.Keywords: B-type lamin; Nuclear envelope; Metamorphosis; Organogenesis; Laminopathy; Hypertrophy; Ecdysteroid hormone receptorIntroduction
In eukaryotic cells, the nuclear envelope (NE) is a
complex organelle that separates the nucleoplasm from
cytoplasm. The NE consists of several major components,
the lamina among them. The nuclear lamina is thought to be
a protein meshwork of intermediate filaments located
between the inner nuclear membrane and chromatin
(reviewed in Stuurman et al., 1998; Gruenbaum et al.,0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.05.022
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E-mail address: furukawa@chem.sc.niigata-u.ac.jp (K. Furukawa).2003). In multicellular animals (metazoans), the lamina is
composed primarily of a polymer of structural protein
subunits termed lamins (see also Herrmann and Foisner,
2003). Lamins are intermediate filament proteins and have
been classified into A/C- and B-types on the bases of amino
acid sequence as well as biochemical properties. A/C-type
lamins are expressed in a subset of differentiated tissues,
whereas the expression of B-type is constitutive. Both types
are known to bind chromosomes/chromatin, DNA, and
nuclear membrane components, suggesting that lamins play
central roles in maintaining the structural framework of the
NE and providing attachment sites for interphase chromo-284 (2005) 219 – 232
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Moreover, recent work in both tissue culture and in vitro
systems that recapitulate events of the cell cycle indicates
that lamins play significant roles in gene expression and
DNA replication (Gruenbaum et al., 2003; Shumaker et al.,
2003).
In addition to explicit roles in nuclear regulation,
increasing evidence has recently revealed that lamins are
of profound biomedical importance (reviewed in Muchir
and Worman, 2004). Mutations of the A/C-type lamin gene
(LMNA) have been associated with a number of different
human disorders including both Hutchinson–Gilford pro-
geria (a premature aging syndrome) and a type of muscular
dystrophy (Sullivan et al., 1999; Mounkes et al., 2003).
These observations suggest that A/C-type lamins are
involved in tissue organization. Several residues mutated
in lamin A/C-dependent pathologies are also conserved
identically in B-type proteins. However, the functions of B-
type lamins are still unclear, at least in part because there are
no reports of disease-associated B-type lamin mutations.
To elucidate B-type lamin functions in tissue organiza-
tion during development, Drosophila is advantageous,
having only a single B-type lamin gene. To utilize the
Drosophila model, we started by generating new null
lamDm0 mutations from the hypomorphic lam
P line of
Lenz-Bohme et al. (1997) (Fig. 1), by means of imprecise
excision of the P-element transposon inserted in this allele.
In this study, we analyze our new lamDm0 mutants in detail.
We found as in earlier reports, that lamin Dm0 protein was
essential, but, whereas embryonic lethality (recessive) was
previously observed with the lamPM15 mutant, reviewed in
Harel et al. (1998) and Gruenbaum et al. (2003), recessive
lethality was also seen in our analyses, but at the relatively
late pupal stage in development. We found no major defects
in chromosomal and nuclear morphology except for
abnormal distribution of nuclear pore complexes (NPC) in
the mutant tissues we studied up to the lethal phase.
However, as they neared adulthood, we did observe
abnormal organogenesis in lamDm0 mutant animals. Thus,
in Drosophila, the presence of lamin B (Dm0) proteins is notFig. 1. The structures of the lamDm0 gene in both wt (w
1) and mutant animals. Th
controls. Deletions were generated after imprecise excision of the integrated P-el
indicated by the open boxes in lam9 and lam14. The lamDm0 exons are indicated
by the arrowhead in the lamP diagram at nucleotide (nt) 711. The second exon con
are numbered as described previously (Lenz-Bohme et al., 1997).an absolute requirement either for structural organization of
the nucleus or cell cycle progression, but is required for
normal tissue differentiation. The implications of these
findings concerning the roles of B-type lamins in devel-
opmental processes are discussed.Results
Isolation of novel alleles of the sole Drosophila B-type
nuclear lamin gene
To generate deletion mutants of the Drosophila B-type
lamins, Dm0-derivatives (called lamin Dm0 hereafter),
imprecise excision was performed with the lamP mutant,
which is a P-element insertion mutant that has already been
analyzed in detail (Lenz-Bohme et al., 1997). The lam9 and
lam14 alleles were isolated and had 2255- and 997-bp
deletions in their lamDm0 genomic sequences, respectively
(Fig. 1) [corresponding, respectively, to the N-terminal 536
and 154 amino acids of the lamin Dm0 protein (622 amino
acids total)]. In the lam9 allele, coding sequences including
the head, rod, and half of the tail (containing the nuclear
localization sequence) domains were removed. Both lines
failed to express lamin Dm0 protein and showed similar
phenotypes as indicated by the following analyses.
Characterization of lamin Dm0 protein expression in
animals homozygous for lam9 and lam14 alleles
To determine initially the presence or absence of
lamDm0-derived protein in both lam
9/lam9 (lam9) and
lam14/lam14 (lam14) homozygotes, immunological analyses
with two different polyclonal (R836 and R837) and three
different monoclonal (ADL67, ADL84 and ADL101) anti-
lamin Dm0 antibodies were performed. The epitopes of
ADL84 (amino acids 22 to 28), ADL101 (amino acids 261
to 278), and ADL67 (amino acids 548 to 620) are coded by
the second, third, and fourth exons of the lamDm0 gene,
respectively. The epitope of ADL67 is contained in thee lam9 and lam14 genomic DNAs are compared with those of w1 and lamP
ement. Remnants of P-element (2004 bp in lam9 and 16 bp in lam14) are
by solid black bars. The original insertion position of pP{lacW} is indicated
taining the wt initiator ATG is absent from both lam9 and lam14. Base pairs
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regions of both the lam9 and lam14 alleles (Fig. 1).
Lamin Dm0 (protein) as well as lamin C expression levels
were first examined by immuno (Western)-blotting using
appropriate specific antibodies (Fig. 2). h-tubulin was used
as a loading control (Fig. 2, lanes 5 and 6). While lamin Dm0
bands were readily detected in all white1/white1 (wild-type
control) animals (including the characteristic lamin Dm1 and
Dm2 polypeptide doublet seen in second instar larvae) (Fig.
2A, lanes 1 and 2), they could not be detected in homozygous
lam9 and lam14 mutant third instar larvae (Figs. 2B and C,
lanes 1 for lam14; data not shown for lam9) and late pupae
(data not shown), and were only very faintly seen at the
second instar stage (Fig. 2A, lane 1). We also could not detect
in mutant extracts, any specific bands of lower molecular
weight relative to the authentic full-length lamins. To define
the approximate sensitivity of our immunoblots, and hence
an exclusion limit for lamin protein detection in our mutants,
third instar larval extracts were subjected to serial dilution.
Using polyclonal antibodies, we found that lamin Dm0
protein could be detected, even at a 250-fold dilution of the
w1 extract used in Fig. 2 (data not shown).
To determine further the presence or absence of lamDm0-
derived proteins in both lam9 and lam14 homozygotes,
confocal immunofluorescence analyses with all five mono-
clonal and polyclonal anti-lamin Dm0 antibodies were
performed. To avoid redundancy, only results with rabbit
polyclonal R836 and mouse monoclonal ADL67 are shown.
Expression was examined in larval central nervous system
(CNS) tissues and imaginal discs from homozygous lamP,
lam9, lam14, w1, and hemizygous misgsz18/Df(2L)gdh-A
animals [misgsz18 is an EMS-induced lamDm0 mutation in
which lamin Dm0 protein was reportedly undetectableFig. 2. Western blot detection of the Drosophila lamins in larvae lacking an intact l
extracts were prepared from lam14 mutant animals (shown in all panels in lanes 1,
These extracts were subjected to SDS-PAGE and Western blot analysis. Some of th
(R836; panels A and B, lanes 1 and 2) or mouse monoclonal anti-lamin Dm0 antibo
polyclonal anti-lamin C antibodies (R389; panels A and B, lanes 3 and 4), mouse
monoclonal anti-h-tubulin antibody (panels A and C, lanes 5 and 6). In the third in
lam14 was analyzed compared with w1 animals (B and C), and this is reflected by
h-tubulin (C, lanes 5 and 6) in lam14 than in w1 animals.(Guillemin et al., 2001); Df(2L)gdh-A is a deletion that
uncovers the lamDm0 gene].
At third instar larval stages, strong lamin Dm0 staining
was easily found in the w1 CNS and imaginal discs. In those
tissues from homozygous lamP animals, lamin Dm0 staining
was also detected but showed discontinuities at the nuclear
periphery, essentially as was observed previously (Lenz-
Bohme et al., 1997). In contrast, lam14 CNS and imaginal
discs showed little if any lamin Dm0 staining using maximal
signal enhancement conditions for confocal microscopy
(Fig. 3). Immunofluorescent staining was similarly not
found in either lam9 (data not shown) or misgsz18/
Df(2L)gdh-A animals (Fig. 3). The lamin Dm0 staining
patterns of late pupal tissues were similar to those of third
instar larvae. Lamin Dm0 staining was never seen during
pupal development in lam9, lam14, or misgsz18/Df(2L)gdh-A
(data not shown).
We also tested for the presence of lamin Dm0 protein,
presumably of maternal origin, in second instar larval CNS
tissues, using the elav protein as a cytological marker
expressed in fully differentiated (non-replicating) neuronal
cells, and not expressed in replicating neuroblasts (Robinow
and White, 1991). Most or all proliferating neuroblasts
could also be seen clearly by BrdU incorporation (1 h pulse-
label) (Fig. 4A). When these same tissues were double-
labeled with ADL67 (mouse monoclonal anti-lamin Dm0
polypeptide antibody) and anti-elav antibodies, it was
clearly seen using maximal signal enhancement conditions
for confocal microscopy in lam14 animals, that the elav
negative cells lacked lamin Dm0 staining (Fig. 4B). In lam
14
second instar larval imaginal disc cells, lamin Dm0 staining
was also absent, but normal lamin Dm0 structure was still
detected in some endoreplicated cells of other tissues (dataamDm0 gene. Total second instar larval (A) and third instar larval (B and C)
3, and 5) and w1 control animals (shown in all panels in lanes 2, 4, and 6).
e blots were probed with either rabbit polyclonal anti-lamin Dm0 antibodies
dies (ADL67; panel C, lanes 1 and 2). Others were probed with either rabbit
monoclonal anti-lamin C antibody (LC28; panel C, lanes 3 and 4) or mouse
star larval extracts, to increase sensitivity about twice as much protein from
the fact that there appeared to be more lamin C (B and C, lanes 3 and 4) and
Fig. 3. Lamin Dm0 protein distribution in third instar larvae lacking an
intact lamDm0 gene. The in situ distribution of lamin Dm0 protein was
determined by confocal microscopy with anti-lamin Dm0 antibodies (green)
in the imaginal discs and CNS tissues from homozygous lamP and lam14 as
well as hemizygous misgsz18/Df(2L)gdh-A mutants, and w1 control
animals. Strains examined were all as indicated. Rabbit polyclonal anti-
lamin Dm0 antibodies (R836) and mouse monoclonal anti-lamin Dm0
antibody (ADL67) were also used as indicated. We obtained similar results
with rabbit polyclonal R837 and mouse monoclonal ADL101 anti-lamin
Dm0 antibodies (data not shown). For lam
14 and misgsz18/Df(2L)gdh-A
tissues, maximal signal enhancement was used for confocal microscopy.
Identical results were found under identical conditions for lam9 animals
(data not shown). Staining with propidium iodide (PI) identifies DNA (red,
PI/DNA). Colocalization is indicated by yellow (Merge). Scale bars: 10 Am
in upper-left panel and applies to the upper eleven panels; 25 Am in lower-
right panel and applies to the lower four panels only.
Fig. 4. Lamin Dm0 protein distribution in proliferating cells lacking an
intact lamDm0 gene. Second instar larval CNS from a lam
14 homozygote
was examined by confocal microscopy with mouse monoclonal anti-BrdU
antibody (green) and rat monoclonal anti-elav antibody (red) in (A), and
mouse monoclonal anti-lamin Dm0 antibody ADL67 (green) and rat
monoclonal anti-elav antibody (red) in (B). Colocalization is indicated by
yellow (Merge). Immunostaining with rat monoclonal anti-elav antibody
labels differentiated (non-proliferating) neuronal cells, whereas proliferating
neuroblasts are specifically detected with mouse monoclonal anti-BrdU
antibody after BrdU incorporation (1 h pulse-label). Regions not labeled by
the anti-elav antibody showed active BrdU incorporation and no lamin Dm0
staining. For lam14 CNS in (B), maximal signal enhancement was used for
confocal microscopy. Scale bars: 50 Am in (A) and (B), and applies to all
panels in (A) and in (B), respectively.
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from oogenesis in heterozygous females. Similar results
were also found with lam9 and misgsz18/Df(2L)gdh-A
tissues (data not shown). Thus, both the novel lam9 and
lam 14 alleles reported here are amorphic (null) and the
neuroblasts and imaginal disc cells of our lamin null mutant
animals continue cell proliferation and survive to late pupal
stages in spite of the lack of detectable lamin Dm0 protein
staining from the mid-larval stages onward.
Lethality associated with lamDm0 null alleles lam
9, lam14,
and misgsz18 is at the pharate adult stage
We investigated in detail, the lethality associated with
homozygous lam9 and lam14 flies, the parental lamP line,and hemizygous misgsz18/Df(2L)gdh-A animals. In the
homozygous lamP line, about 65% of pupa developed into
normal-looking adult flies under our culture conditions,
although all were sterile (Table 1; also described in Lenz-
Bohme et al., 1997). Heteroallelic lam14/lamP animals were
similar, the eclosion rate being 45%, and both male and
female sterility, 100% (Table 1). When the phenotypes of
Table 1
Phenotypes of various lamDm0 mutants
Mutant Number of animals Stage Normal flying/walking (%) Genomic Lam Dm0 gene
Late pupa (%) Adult enclosure (%)
Lam14/CyO (55) 100 100 100 (Fertile) –
LamP (109) 89 65 65 (Sterile) Rescue
Lam14/LamP (75) 72 45 45 (Sterile) Rescue
misg18/DF (119) 77 3 0 nt
Lam14/DF (369) 76 1 0 Rescue
Lam14 (312) 63 0 0 Rescue
Lam9 (76) 59 0 0 Rescue
Animals of each genotype indicated were collected and analyzed phenotypically. Adult body development is observed in most homozygous lam14, lam9,
lam14/Df(2L)gdh-A (designated lam14/DF), and misgsz18/Df(2L)gdh-A (designated misg18/DF) animals, but only a very small percentage of them eclosed.
Sterility of homozygous lamP is described elsewhere (Lenz-Bohme et al., 1997). Both males and females are sterile in lam14/lamP. The number of animals of
each genotype analyzed is indicated in parentheses (N) adjacent to the respective genotype. Phenotypic rescue with the genomic lamDm0 gene was also
analyzed, and the results are shown in the extreme right column. The rescued animals were phenotypically indistinguishable from w1 animals; nt, not tested.
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hemizygote together with misgsz18/Df(2L)gdh-A animals
were examined in detail, all exhibited apparently normal
embryogenesis and larval development, similar to lam14/
CyO and w1 control animals, but, after puparium formation,
their development was delayed up to 3 days in comparison
to lam14/CyO or w1. Development usually ceased as pharate
adults with normal adult pigmentation, which is character-
istic of the mature bristle (Mb) stage (Bainbridge and
Bownes, 1981). Up to 60% of the lam9 and lam14
homozygous pupae and ¨77% of the lam14/Df(2L)gdh-A
and misgsz18/Df(2L)gdh-A pupae specifically ceased devel-
opment at the Mb stage (late pupa; Table 1). The remainder
died at various pupal stages leading to the Mb stage. Less
than 3% of the lam9 (0%), lam14 (0.3%), lam14/Df(2L)gdh-
A (0.5%), and misgsz18/Df(2L)gdh-A (2.5%) animals
eclosed, but all exhibited severe defects in walking and
flying, dying within a few days following eclosure.
When a genomic lamDm0 transgene was introduced into
lam9 and lam14 homozygotes, as well as lam14/Df(2L)gdh
and lam14/misgsz18 heteroallelic animals, lethality and
sterility were fully rescued, confirming that the observed
phenotypes reflect the loss of the lamin Dm0 protein only
and not defects in additional genes.
Animals lacking detectable lamin Dm0 staining are without
obvious defects in internal nuclear structure, but exhibit
changes in the spacing of NPCs
Lam9 and lam14 mutants develop to the pharate adult
stage and are immunohistologically positive for DNA
synthesis in spite of the lack of detectable lamin Dm0
staining after the mid-larval stages, thereby suggesting
normal M-phase progression during cell proliferation.
Indeed, substantial and widespread labeling of mitotic
chromosomes with HTA28 antibody, raised against a histone
H3 phosphopeptide (PH3), was almost the same in w1 and
lam14 in both the CNS and imaginal discs from the third
instar larvae (Fig. 5A). Chromosome behavior studied at
higher magnification with both anti-PH3 antibody and anti-histone H2A antibodies (Fig. 5B), from prophase through
telophase in the lam14 mutants was unremarkable compared
with the w1 controls in the third instar larval brain and
imaginal discs. We also observed normal mitotic spindles in
the lam14 CNS with anti-tubulin antibody (data not shown).
Thus, detectable lamin Dm0 is not required for apparently
normal mitotic chromosomal dynamics during cell cycle
progression, although subtle effects cannot be excluded.
Interphase chromosomal architecture, as revealed by
propidium iodide (PI) staining of DNA (Fig. 3), anti-HP1a
antibodies, anti-histone H2A antibodies, and anti-
mod(mdg4) insulator antibodies (Fig. 5C), was similar
when lam14 mutants were compared with w1 controls at
both the larval and late pupal stages. Interphase chromoso-
mal structure and nuclear shape at larval and late pupal
stages was also examined by transmission electron micro-
scopy (TEM) of ultra-thin sections. In both, similar results
were obtained. An example of the larval lam14 nucleus is
shown (Fig. 6A).
In contrast, mAb414, directed against nucleoporins,
showed obvious abnormalities in the lam14 nuclear envelope
(NE) (Fig. 5C). Staining was relatively uniformly distributed
in the w1 NE, but marked heterogeneity was seen in both
lam14 larval and pupal CNS cells, suggesting that NPCs
were clustered (also described in Drosophila lamP homo-
zygotes by Lenz-Bohme et al., 1997). This abnormality was
seen in the lam9 and lam14 second instar larval CNS (data
not shown). TEM analysis also revealed NPC clustering
(aggregation) (Fig. 6B), but the structures of individual
NPCs appeared normal (Fig. 6C). Comparable clustering of
NPCs was never seen by TEM in either larval or pupal w1
NEs (data not shown). This abnormal NPC clustering was
reverted to uniform distribution in both lam9 and lam14
mutant animals rescued by a genomic lamDm0 transgene.
Lamin C expression is unremarkable in animals lacking
lamin Dm0
A possible explanation for nuclear organization which is
normal (except for NPC distribution) in the absence of
Fig. 5. Cell cycle progression and nuclear protein distribution in animals lacking an intact lamDm0 gene. (A) Third instar larval CNS and imaginal disc tissues
from w1 or lam14 animals as indicated, were decorated with rat monoclonal antibody HTA28 (designated PH3). Cell cycle progression is similar in lam14 vs.
w1 tissues. The arrowheads and arrows indicate neuroblasts in the ventral ganglia and in the optic lobe, respectively. (B) Behavior of mitotic chromosomes in
lam14 homozygotes was observed under higher magnification by staining with HTA28 antibodies (green; PH3) or against histone H2A (red; hisH2A).
Colocalization is indicated by yellow (Merge). Prometaphase (P-Met), metaphase (Met), and early anaphase (E-Ana) chromosomes are clearly visible in the
lam14 cells. (C) To analyze nuclei and the NE, third instar larval and pupal lam14 CNS tissues were stained with antibodies specific for HP1a, histone H2A,
mod(mdg4) insulator (designated mod), and NPC proteins (designated mAb414), all as indicated. All images were obtained with a confocal microscope. Scale
bars: 100 Am in (A) and applies to all (A) panels; 10 Am in (B) and (C) and applies to all panels in (B) and (C), respectively.
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because essentially normal levels of lamin C expression
were detected by immunoblotting in both whole second and
third instar larvae (Fig. 2). To investigate this possibility in
individual cells, lamin C expression was studied by
immunohistochemistry. Most cells from third instar larval
CNS tissues in both lam14 homozygotes and w1 animals didFig. 6. Nuclear ultrastructure as revealed by TEM of the CNS of animals
lacking an intact lamDm0 gene. Views of a third instar larval lam
14 CNS
cell nucleus are given. The entire nucleus is shown in panel A. A region of
unusual NPC clustering is shown at higher magnification in panels B and C.
Unusual NPC clustering is indicated by an arrowhead in panels A and B.
NPCs are arrayed with apparent tetragonal symmetry as shown in panel C.
Scale bars: 2 Am in panel A; 0.5 Am in panel C and also applies to panel B.not exhibit lamin C staining (Fig. 7A). In particular, in the
brain cells of both w1 and lam14 larvae, lamin C staining
could not be found. Lamin C was also not detected in pupal
brain (data not shown; Lenz-Bohme et al., 1997). Thus,
normal nuclear shape in the absence of lamin Dm0 protein is
apparently not due to compensation by lamin C.
In some cells of the imaginal discs in which it was
expressed, lamin C was seen to localize at the nuclear
periphery in both homozygous lam14 and w1 tissues (Fig.
7B left-most panels). However, discontinuous distribution
of lamin C was also seen in some imaginal disc cells of
lam14, which seemed, judging from intensity of immuno-
fluorescence, to express relatively low levels of lamin C
(Fig. 7B lam14 right-most and middle panels). This suggests
that normal distribution of lamin C at the nuclear rim is at
least partly dependent on lamin Dm0, particularly when
lamin C is itself expressed at relatively low levels.
Interestingly, when lethal lamDm0 mutant, lam
4643
(Guillemin et al., 2001) mosaic clones were produced and
lamin C and NPC distributions were studied in the imaginal
discs, discontinuous lamin C staining and NPC clustering
were observed in lamDm0-mutant clone cells; this pheno-
type is clearly cell-autonomous (Fig. 8A). DAPI staining
appears to be quite normal in these clone cells (data not
shown). Note that the lamin C distribution within the
lamDm0-mutant clone cells is relatively irregular and that
NPCs tend to cluster in regions of low lamin C staining.
However, NPCs appear as typical dots in areas where lamin
C stains at normal levels. Similarly, NPC clustering was not
observed in the cells of lam14 imaginal disc and CNS
tissues, in which lamin C was expressed at relatively high
levels and was distributed uniformly (grossly normally) at
the nuclear rim (Fig. 8B). Thus, the two types of lamins
Fig. 7. Lamin C distribution in larvae lacking an intact lamDm0 gene. The
distribution of lamin C was examined in tissues from third instar larvae by
confocal microscopy with mouse monoclonal anti-lamin C antibody LC28
(green). Imaginal discs and CNS tissues from w1 control and lam14 animals
are shown as indicated, at low power in (A); higher-magnification images
are shown in (B). The brain and abdominal regions of ventral ganglia were
also stained for DNA with propidium iodide [PI (DNA); red]. Colocaliza-
tion is indicated by yellow (Merge). Immunostaining of lamin C is not
detected in the brain and certain imaginal disc regions from both w1 and
lam14 animals. Where staining intensity is relatively low, suggesting low
levels of lamin C protein, discontinuous (fragmented) patterns were
observed in the imaginal disc tissues of lam14 but not w1 animals. In
(A): Br, brain hemispheres; Im, imaginal discs. Scale bars: 25 Am in (A),
applies to all (A) panels; 10 Am in (B) and applies to all (B) panels.
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distribution phenotype.
Mutation of lamDm0 leads to aberrant organ development
Whereas w1 adults eclose 1 day after the Mb stage
begins, most lam14 homozygous mutant pupae failed to
eclose but remained alive in the puparium for at least 2 days
after the onset of the Mb stage, showing leg twitching and
other muscle contractions (for w1 animals, newly eclosed
adults = Mb I stage; for lam14 homozygous mutants, living
pupae 1 day after the start of the Mb stage = Mb I stage, 2
days after the Mb stage begins = Mb II stage). Investigation
of the external morphology of animals bearing our new lammutations showed strongly pigmented (red) material accu-
mulated on the compound eyes, and the ventral abdominal
exoskeleton became partially semi-transparent (data not
shown). Internal abnormalities were easily observed in the
female gonads (Fig. 9A), CNS (Fig. 9B), and ventriculus
(Fig. 11A) of lam9 and lam14 animals.
Lam14 mutant ovaries were almost the same with those
of w1 at the pupal Mb stage. We found similar mitoses in
both control (wild-type) and mutant follicle cells, and
normal M-phase progression was still found in lam14
ovarian follicle cells at the Mb stage (data not shown). At
the Mb I stage, lam14 mutant ovaries were clearly smaller
than the w1 ovaries (Fig. 9A). In these small mutant ovaries,
immature egg chambers did not develop beyond around
stage 6 or 7 judging from the cystocyte morphology,
whereas in newly eclosed w1 adults, ovaries contained
several large egg chambers (stage 9 or 10). We also found
that in some mutant egg chambers, the size of cystocyte
nuclei were somewhat larger than in w1 egg chambers (data
not shown, see also Fig. 10). This observation is of
uncertain significance. The mutant male gonads ceased
development at a relatively early stage as well (data not
shown).
To elucidate further, the effects of lamDm0 mutation on
oogenesis, germ-line clones were induced using FRT/FLP
recombination in conjunction with the dominant female
sterile (DFS) technique—this was to generate mosaic
females able to produce egg chambers homozygous for a
lamDm0 null allele side-by-side with heterozygous ones. In
Drosophila egg chambers, follicle cells are of somatic origin
whereas both nurse cells and the oocyte are germ-cell-
derived. Hence, induced clones are easily distinguished
from their wild-type neighbors by immunofluorescence
staining (Fig. 10). Agametic sterility of females bearing
the induced clones was always observed and was consistent
with results observed in adult ovaries (Fig. 9A). Egg
chambers lacking the wild-type lamDm0-gene never devel-
oped beyond stages 6–8 (out of 14).
For the CNS, at the Mb I stage, w1 ventral ganglia
developed and formed typical abdominal and thoracic
neuromeres; in contrast, lam14 ventral ganglia displayed
marked underdevelopment, in which completion of expan-
sion of the thoracic neuromeres was not seen (Fig. 9B).
TUNEL staining suggested that there was no increase in
apoptosis during mutant CNS development (data not
shown). In eye development of lam9 and lam14, a nuclear
migration defect was found similar to that described in
Patterson et al. (2004) (our data not shown). The genomic
lamDm0 transgene rescued all of these abnormalities.
A size increase of the ventriculus in animals homozygous for
either the lam9 or lam14 mutation is accompanied by cell
proliferation and apparently normal tissue organization
In contrast to the retarded growth in the gonads and CNS,
the ventriculus (digestive tract) of both lam9 and lam14
Fig. 8. Substantial reduction in lamins (both types) coincides with NPC clustering. (A) lamDm0-defective clone cells were produced by mosaic analysis of the
recessively lethal lamin reduction mutation lam4643, and were examined in imaginal discs with rabbit polyclonal anti-lamin C antibody R389 (green), mouse
monoclonal anti-lamin Dm0 antibody ADL67 (deep blue), and mouse monoclonal anti-NPC antibody mAb414 (red). The region of lamin Dm0-protein-
deficient clone cells is outlined in white. Colocalization of all three colors showed a sky blue nuclear rim as in wild-type nuclei (see Merge). Lamin Dm0
protein is found at the rim of non-mutant nuclei surrounding the clone of lamDm0-mutant nuclei, which do not show a clear lamin Dm0 rim staining pattern. In
regions of lamDm0-mutant clone cells with little or no lamin C staining, NPCs tend to cluster. Use of two monoclonal antibodies of the same class is described
in detail elsewhere (de Saint Phalle, 2003). (B) The distribution of NPCs was also examined in ventral ganglia from lam14 third instar larvae with rabbit
polyclonal anti-lamin C antibody R389 (green) and mouse monoclonal anti-NPC antibody mAb414 (red). Colocalization is indicated by yellow (Merge). NPC
clustering is not obvious in cells which apparently express the highest levels lamin C (have the brightest lamin C staining). Scale bars: 10 Am in both (A) and
(B), and applies to all panels in (A) and (B), respectively.
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ized hypertrophy (Fig. 11A). Development was normal with
morphology grossly unremarkable compared with w1
animals up to the pupal Mb stage (data not shown), but at
the Mb I stage in mutants, which corresponds in time to
newly eclosed w1 adults, the size of the mutant ventriculus
was increased tremendously (Fig. 11A). More than 90% of
mutants at this stage (N = 113) displayed this phenotype. In
contrast, the w1 adult ventriculus was almost the same size
as in the pupal Mb stage. In individual Mb I mutant pupae,
we typically observed an ¨3- to 5-fold size increase relative
to the w1 animals.
This size increase of the mutant ventriculus was
accompanied by increased cell proliferation as judged by
M-phase chromosomes stained with anti-histone H3 phos-
phopeptide antibody. In the w1 ventriculus (N = 10) in
newly eclosed adults, an average of 3.2 dividing cells per
animal was found upon examination of the entire organ. In
the corresponding stage of the homozygous lam14 animals,
active cell division was easily seen. We observed an average
of 80 mitotic cells per ventriculus (N = 5), although theabsolute numbers varied considerably in different mutant
animals (it ranged from 32 to 112 cells). Under high
magnification, chromosomal structure was apparently nor-
mal in the mutant ventriculus (data not shown).
To investigate further, anti-muscle myosin heavy chain
antibodies were used to stain the muscle layer of the
ventriculus (Fig. 11B). Even in regions of profound
expansion of the mutant ventriculus, the muscle structure
of the lam14 homozygote resembled that of the w1 control.
To evaluate epithelial cells below the muscle layer,
antibodies against adducin were used. Adducin is a major
component of the membrane skeleton (see Baumann,
2001) and distributes homogeneously over the entire
lateral cell surface, but not in the brush border and the
apical cell area. Epithelial cell structures and numbers
revealed by anti-adducin and PI staining were similar
between the normal w1 ventriculus and the lam14
ventriculus (Fig. 11C). These results indicate that coordi-
nated morphogenesis/organogenesis still occurs during
hypertrophy of the mutant ventriculus, and that the
phenotype is the result of abnormal growth control during
Fig. 9. Development of the lam14 ovaries and CNS ventral ganglia. Internal
morphology of lam14 animals was analyzed by confocal microscopy for
ovaries (A) and ventral ganglia (B). Ovaries were labeled with PI at the Mb
I stage to compare individual sizes (A). Ventral ganglia were also labeled
with PI at the Mb I stage to compare morphology (B). Ovaries and ventral
ganglia of lam14 were compared with those of w1 animals, as indicated. In
ovaries and ventral ganglia, in contrast to growth arrest in lam14 animals at
the pupal Mb I stage, w1 animals showed further development. In (B): T,
thoracic neuromeres; Ad, abdominal neuromeres; Scale bars: 0.2 mm in (A)
and applies to both panels; 0.5 mm in (B) and applies to both panels.
Fig. 10. Ovaries from animals bearing germ-line clones lacking lamDm0.
Shown are both propidium iodide (PI) staining to reveal DNA (left; red) and
mAb ADL67 staining to decorate lamin Dm0-derivatives (right; green).
Five egg chambers can be seen, three of which clearly lack lamin Dm0
protein in both oocyte and nurse cell (germ-cell-derived) nuclei. The small
egg chamber in the upper left of each panel is a heterozygote. This
heterogeneity is expected since the technique for inducing germ-line clones
leads, in a single ovary, to both heterozygous and homozygous lamDm0-
defective stem cells. In contrast, and also as expected, all somatic cells of
the ovary, including follicle cells of all egg chambers, are positive for lamin
Dm0 protein. Both heterozygous germ cells and all somatic cells represent
convenient internal controls. Scale bar: 50 Am.
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rescued by the genomic lamDm0 transgene.
Homozygous lam14 mutants exhibit reduced ecdysteroid
hormone receptor B1 levels in nuclei of the ventriculus
Aberrant development of various organs and develop-
mental delay of pupae are characteristic of an ecdysteroid
deficiency (Sliter and Gilbert, 1992; Schwartz and Truman,
1983; Bialecki et al., 2002). Thus, we hypothesized that the
level of ecdysteroid hormone or ecdysteroid hormone
receptors might lead to alterations in the ventriculus as well
as other organs in the homozygous lam14 mutants. To
examine this possibility, the expression of ecdysteroid
hormone receptors (EcR) was analyzed by confocal
immunofluorescence with specific antibodies. We also
studied the expression of ultraspiracles (USP), which is a
nuclear receptor that forms functional heterodimers with
EcR (Yao et al., 1993). At the Mb stage, nuclei of the w1
ventriculus exhibited a strong EcRB1 signal (Fig. 12A).
After eclosure, this strong signal rapidly weakened and
could not be detected at 2 days after the Mb stage began in
w1 flies (equivalent to the Mb II stage of lam14 homo-
zygotes). In the lam14 ventriculus, a weak EcRB1 signal
was observed at the Mb stage, and this signal was not
detected 1 day later at the Mb I stage (Fig. 12A). At the Mb
stage, the relative intensity level of immunofluoresence ofEcRB1 in the enlarged regions of the homozygous lam14
ventriculus was less than 10% that of the w1 ventriculus.
EcRA was never detected, while USP signals were detected
at similar levels at the Mb stage in both the lam14 and w1
ventriculus. A reduction of EcRB1 was also observed in the
CNS of lam14 animals (data not shown).
To determine if heat-inducible EcRB1 could rescue
hypertrophy of the ventriculus seen in the homozygous
lam14 mutants, matings were performed with Drosophila
carrying an EcRB1 transgene driven by a heat shock
promoter (gene designated hsEcRB1). This allowed gen-
eration of lam14 homozygotes carrying hsEcRB1 (desig-
nated lam14-hsEcRB1). We then examined both nuclear
expression of EcRB1 (monitored by immunofluorescence)
and size of the ventriculus as a function of continuous heat
treatment from the third instar larval stage onward. Animals
were reared at the temperatures indicated. The expression of
EcRB1 in the ventriculus of lam14-hsEcRB1 was detected
easily at 29-C and was slight at 24-C; size of the ventriculus
was perceptibly reduced (to ¨110% from >200% of that of
the w1 ventriculus), only after growth at 29-C (Fig. 12B).
Hypertrophy of the ventriculus was readily observed in
lam14/lam14 animals lacking the hsEcRB1 transgene and
reared at 29-C (Fig. 12B).Discussion
We here report the isolation of two new lamDm0 alleles,
lam9 and lam14. They were generated by imprecise excision
of the lamP P-element (Lenz-Bohme et al., 1997). Both new
alleles are truncated in their 5V-regions, deleting substantial
portions of the protein-coding sequence (Fig. 1), especially
the lam9 allele, in which almost all of the lamin Dm0 coding
region is deleted. In animals homozygous for these
mutations, lamin Dm0 proteins are almost completely absent
Fig. 11. Coordinated tissue size increase in the ventriculus of Mb I stage pupae lacking an intact lamDm0 gene. (A) The ventriculus from lam
14 animals was
compared with that from w1 controls under a stereoscopic microscope at the Mb I stage. Hypertrophy of the lam14 ventriculus was clearly observed. (B)
Ventriculus tissues from Mb I stage pupae of lam14 mutants or w1 control adults, both as indicated, were labeled with rabbit polyclonal anti-muscle myosin
heavy chain antibodies. The density of muscle fibers was similar between lam14 and w1 as shown in (a), but the thickness of muscle fibers in the longitudinal
direction was apparently different in the lam14 ventriculus compared with that from w1 animals as seen at higher magnification in (b). In the mutant, these
fibers were generally slightly thicker and more prominent. We also noted that in the wild-type w1, there appeared to be more dark spheres indicating the
presence of nuclei. This observation is of uncertain significance. (C) The distribution of epithelial cells in the lam14 ventriculus was also compared with that of
the w1 ventriculus at the Mb I stage by staining with antibodies against the membrane skeleton protein, adducin (green, Adducin) and propidium iodide to
decorate DNA (red, PI). Colocalization is indicated by yellow (Merge). Both the nuclear distribution and the nuclear:cytoplasmic ratio were similar between w1
wild-type and the lam14 mutant. All immunofluorescence images were obtained with a confocal microscope. In (A): Vent, ventriculus; AInt, anterior intestine.
Scale bars: 0.5 mm in (A), and applies to both panels in (A); 0.1 mm in (B)a and (B)b, and applies to all panels in (B)a and (B)b, respectively; 20 Am in (C), and
applies to all panels in (C).
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proliferating cells at the second instar (middle) larval stage;
these cells later participate in adult body formation (Figs. 3
and 4). These mutant phenotypes were similar in our hands,
as was that of hemizygous misgsz18/Df(2L)gdh-A hetero-
allelic animals. Misgsz18 is a lamDm0 allele reported
previously (Guillemin et al., 2001) and Df(2L)gdh-A is a
deletion uncovering the lamDm0 gene. Moreover, the
crossing of both lam9 and lam14 to misgsz18 flies failed to
complement the phenotype making unlikely the possibility
that our current results were due to background mutations.
Importantly, all of the phenotypes observed in this study
were rescued by transformation with a wild-type copy of thelamDm0 gene. These results strongly suggest that lam
9 as
well as lam14 are both null alleles and their phenotypes
reflect the function of the lamDm0 gene.
Different lamDm0 alleles and methods have been
reported to result in phenotypes different from the ones
observed here. Another Drosophila lamDm0 allele,
lamPM15, reviewed in Harel et al. (1998) and Gruenbaum
et al. (2003), results in recessive lethality during embryo-
genesis. Investigators observed condensation of chromatin
and massive formation of annulate lamellae prior to mutant
embryo death, which were not seen with any of the mutant
alleles and animals we examined, including misgsz18/
Df(2L)gdh-A. Unfortunately, detailed molecular character-
Fig. 12. Size increase of the ventriculus in animals lacking the intact lamDm0 gene correlates with EcRB1 levels. (A) The proteins EcRA, EcRB1, and USP in
the ventriculus of lam14 and w1 animals were monitored with specific monoclonal antibodies at equivalent stages of development. EcRB1 seen in the lam14
ventriculus is reduced to discernibly less than that of the w1 control animals at the Mb stage. (B) Views of the entire ventriculus (black and white, right) and
immunostaining with anti-EcRB1 antibody (green, left). Lam14 animals were first transformed with a construct coding for EcRB1 under heat shock control
(hsEcRB1), or not, as indicated. Lam14-hsEcRB1 and lam14 animals were cultured at three different temperatures, and ventriculus tissues were isolated from
MB I stage animals and stained with monoclonal anti-EcRB1 antibody. At 29-C, high levels of EcRB1 can only be detected in the ventriculus from animals
carrying the hsEcRB1 gene. Scale bars: 20 Am in upper left panel of (A), and applies to all panels in (A); 20 Am in upper left panel of (B), and applies to all
immunostaining (green) panels in (B); 0.6 mm in upper panel of (B) second from the left, and applies to all dissecting microscope views (black and white) of
the ventriculus in (B).
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line is no longer available, making an explicit comparison
with lam9, lam14, and misgsz18/Df(2L)gdh-A quite difficult.
RNAi-mediated diminution of lamin Dm0 also led to
severe effects during Drosophila embryogenesis accompa-
nied by separation of the outer and inner nuclear membrane,
and localized rupture of the NE (Wagner et al., 2004). We
did not see embryonic defects with lam9, lam14, and
misgsz18/Df(2L)gdh-A alleles, but think it noteworthy that
RNAi targets both zygotic and maternally deposited mRNA
for degradation. In this context, we published evidence that
both lamin Dm0 protein and mRNA are abundantly supplied
maternally (Smith and Fisher, 1989; Riemer et al., 1995)
and suggest that these large maternal stores are at least
partially responsible for early development. This maternal
mRNA would presumably be degraded after RNAi injec-
tion, but not in our lamDm0 nulls. Consistent with this
notion, we detected lamin Dm0 protein in our null animals,
presumably of maternal origin (either directly inherited or
through zygotic translation of maternal mRNA), to at least
the second instar larval stage (Figs. 2–4). Furthermore, even
after lamin Dm0 protein staining was no longer detected,
most NE and chromatin structures appeared normal (Figs. 5
and 6). Thus, the nuclear phenotypes observed in animals
bearing our alleles differ from those in animals bearingalleles for which embryo lethality was reported previously.
Although a role of lamin Dm0 protein during embryogenesis
seems very likely, because of agametic sterility of females
bearing germ-line lam14 clones (see Fig. 10 and accom-
panying text), it is not possible at the present time to provide
additional information on that role.
To date, the most conspicuous abnormality of nuclear
structure we have found is in the aberrant distribution of
NPCs in both lam9 and lam14 homozygotes. This defect is
consistent with those seen in other B-type lamin-deficient
animals (Liu et al., 2000; Lenz-Bohme et al., 1997; Wagner
et al., 2004), and human cells expressing rod-less LMNB1
(Schirmer et al., 2001). Interestingly, normal NPC distribu-
tion was observed to correlate with the presence of lamin C,
both in lamDm0-mutant clones produced by mosaic analysis
in imaginal discs, and in some imaginal disc and CNS cells
of lamDm0 null mutant tissues (Fig. 8). Although only
slight NPC clustering has been reported with the cells
derived from LMNA/ mice (Sullivan et al., 1999), our
positive results seem more direct, and indicate that normal
NPC distribution is dependent on lamin C expression levels,
particularly in the absence of lamin Dm0 protein.
Lamins have been widely implicated in many aspects of
DNA function including both replication and transcription
(Gruenbaum et al., 2003), but consistent with the results of
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required for DNA replication (Walter et al., 1998; Dimitrova
and Berezney, 2002), DNA synthesis as well as M-phase
both proceed, apparently normally, after detectable lamin
Dm0 protein supplies have been exhausted (Fig. 4, and data
not shown). We used immunocytochemical approaches to
show that there is no lamin C staining (the only Drosophila
lamin besides Dm0) found in developing and proliferating
brain tissue (Fig 7; also see also see Lenz-Bohme et al.,
1997). Apparently in this context, expression of lamin C
was not upregulated to substitute for the loss of lamin Dm0
protein. Thus, replication and cell proliferation seem to
proceed normally in the absence of detectable levels of
lamins. We cannot of course, rule out the possibility that
trace levels are present of one, the other, or both types of
lamin proteins. If so, they are undetectable by either Western
or confocal immunofluorescence. At the very least, cell
proliferation including replication and M-phase appear to
proceed normally in the absence of structurally organized
lamins.
Recently, mutants of LMNB1, one of two mammalian B-
type lamin genes, were isolated (Vergnes et al., 2004);
homozygotes exhibited perinatal mortality with pulmonary
and bone development defects. Interestingly the abnormality
of bone formation in the skull was accompanied by bone
overgrowth, reminiscent of our observations with the
Drosophila ventriculus. As mammals possess an additional
B-type lamin gene, LMNB2, it was also argued that some
functions of lamin B1 could be carried out by lamin B2, thus
allowing embryogenesis and birth.
Since Drosophila has only a single gene coding for a B-
type lamin, our results in this system are definitive.
Although CNS and ovarian maturation are apparently
arrested (Figs. 9 and 10), the ventriculus shows over-
proliferation of cells while an apparently normal cyto-
architecture and tissue organization are retained (Fig. 11).
These opposite effects in different tissues (CNS and ovaries
vs. ventriculus) suggest that lamin Dm0 protein has broad
and multiple functions in tissue differentiation during
Drosophila development. We found that in the lamDm0
mutant ventriculus, immunofluorecence examination did
reveal substantially decreased levels of the ecdysone
receptor B1 (EcRB1), but not ultraspiracles (USP) (Fig.
12). Ecdysone in combination with EcRB1 and USP, are
known to play a role in Drosophila pupal organogenesis
(reviewed in Riddiford et al., 2000). Thus, our genetic and
immunological analyses of lamDm0 mutants suggest defects
of B-type lamins affect tissue differentiation rather than
proper nuclear morphology and cell cycle progression.
Using cells derived from LMNA/ mice, A/C-type
lamins have been shown to play a role in transcriptional
activation either through nuclear import of transcription
factors and/or other as yet undefined intranuclear actions
(Lammerding et al., 2004; Nikolova et al., 2004); this is in
addition to a general role in nuclear morphology. Decreased
levels of EcRB1 in the lam14 ventriculus at the late pupalstage, as determined both by immunofluorescence and
rescue with heat-inducible EcRB1 expression, may reflect
analogous processes in Drosophila, specifically as relates to
EcRB1 transcription. Direct studies of transcription may
shed light on this suggestion.Experimental procedures
Drosophila strains and cultures
The lamP mutant and the lamDm0 genomic rescue line,
Tw2, were obtained from Dr. B. Schmitt (Lenz-Bohme et
al., 1997). The lam4643 (misg4643) and the misgsz18
mutants were provided by Dr. M. Krasnow (Guillemin et
al., 2001). Df(2L)gdh-A (Kotarski et al., 1983) and
hsEcRB1 carrying the EcRB1cDNA driven by a heat-
inducible promoter (Li and Bender, 2000) were obtained
from the Drosophila Stock Center (Bloomington, IN). The
FRT 40 A chromosome and the Bc Elp Gla balancer were
provided by Dr. Matt Singer. The mutant second chromo-
somes of lamP, misgsz18, lam9, and lam14 were all
balanced over CyO or CyO-P[actin::GFP] to help identify
mutants. Flies and larvae were grown on standard corn-
meal medium at 25-C.
Immunological analyses
The primary antibodies used were anti-USP (AB11;
Christianson et al., 1992) obtained from Dr. F. Kafatos, anti-
mod(mdg4) (Gerasimova et al., 2000) obtained from Dr. V.
Corces, and anti-tubulin, anti-HP1a, anti-adducin, anti-elav,
anti-EcRA, and anti-EcRB, all obtained from the Devel-
opmental Studies Hybridoma Bank (DSHB) at the Univer-
sity of Iowa. We also used anti-muscle myosin heavy chain
antibodies (Berrios and Fisher, 1986), and anti-lamin C
antibodies (rabbit polyclonal R389 antibodies and mouse
monoclonal LC28 antibody, Riemer et al., 1995). Polyclonal
antibodies were affinity purified when necessary (see Smith
and Fisher, 1989). In the case of lamin Dm0 protein and
derivatives, three different mouse monoclonal antibodies,
ADL67, ADL84 (Stuurman et al., 1995), and ADL101
(Stuurman and Fisher, unpublished), or two different highly
specific rabbit antisera, designated R836 and R837,
respectively, were used. Antibodies to BrdU, histone H2A,
histone H3 phosphopeptides (HTA28) and nucleoporins
(mAb414), and immunohistological methods are described
in Furukawa et al. (2003) or de Saint Phalle (2003).
Simultaneous use of two mouse monoclonal antibodies of
the same class is described in de Saint Phalle (2003). Unless
indicated otherwise (e.g., anti-BrdU antibody), all primary
antibodies used were directed against proteins (polypep-
tides). Protein samples were extracted from thirty second
instar larvae and eight third instar larvae, respectively, by
homogenization (with a sonicator) in 2% SDS and 10 mM
Tris buffer containing 1 mM EDTA. These extracts were
S. Osouda et al. / Developmental Biology 284 (2005) 219–232 231subjected to SDS-PAGE and Western blot analysis. Western
blotting was performed as in Furukawa and Hotta (1993).
Molecular characterization and rescue of new lamDm0
mutants
Isolation and characterization of the genomic DNAs of
lam9 and lam14 were performed exactly as described in
Furukawa et al. (2003). The lamDm0 genomic regions of
mutants were amplified by polymerase chain reaction (PCR)
using primers with AATAGAGGCGGCACTGTTTC and
TCGTAGAGGGACTGGATTTC in lam14 and with
ATTCCGCCAAAGAAGACAGC and CGAAACGAA-
GATTCAGGATG in lam9, and the PCR products were
mapped with several restriction endonucleases. The nucleo-
tide sequences of the PCR fragments were subsequently
determined with primers AATAGAGGCGGCACTGTTTC
and CCACGCCTTTTGTCTCT in lam14 and with AATA-
GAGGCGGCACTGTTTC and CGAAACGAAGATTCAG-
GATG in lam9, using an Applied Biosystems 320 Genetic
Analyzer (Foster City, CA, USA). P-element-mediated
rescue experiments were performed with Tw2 essentially as
described (Lenz-Bohme et al., 1997).
Other techniques
Somatic and germ line mosaic analyses are described in
detail by Xu and Harrison (1994) and Chou and Perrimon
(1996), respectively. Microscopy in somatic mosaic analysis
is described in detail in Hiraoka et al. (1991). For thin
section EM, larval tissues were directly fixed with 2%
glutaraldehyde in 0.1 M cacodylate buffer on ice. Embed-
ding, sectioning, and microphotography were carried out at
the Hanaichi Electron Microscopic Laboratory, Inc. (Oka-
zaki, Aichi, Japan). Confocal immunofluorescence and
BrdU pulse-label methods are described in Furukawa et
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